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s , if these minor cell proteins differ among cells to the same extent as the 
c a biuidant proteins, as is commonly assumed, only a small number of pro- 
differences (perhaps several hundred) suffice to create very large differences 
J^ell morphology and behavior. 

A Cell Can Change the Expression of Its Genes 
in Response to External Signals 3 

Most of the specialized cells in a multicellular organism are capable of altering 
their patterns of gene expression in response to extracellular cues. If a liver cell 
is exposed to a glucocorticoid hormone, for example, the production of several 
specific proteins is dramatically increased. Glucocorticoids are released during 
periods of starvation or intense exercise and signal the liver to increase the 
production of glucose from amino acids and other small molecules; the set of 
proteins whose production is induced includes enzymes such as tyrosine amino- 
transferase, which helps to convert tyrosine to glucose. When the hormone is no 
longer present, the production of these proteins drops to its normal level. 

Other cell types respond to glucocorticoids in different ways. In fat cells, for 
example, the production of tyrosine aminotransferase is reduced, while some 
other cell types do not respond to glucocorticoids at all. These examples illustrate 
a general feature of cell specializations-different cell types often respond in dif- 
ferent ways to the same extracellular signal. Underlying this specialization are 
features that do not change, which give each cell type its permanently distinc- 
tive character. These features reflect the persistent expression of different sets of 
genes. 



Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to UNA to Protein 4 

If differences between the various cell types of an organism depend on the par- 
ticular genes that the cells express, at what level is the control of gene expression 
exercised? There are many steps in the pathway leading from DNA to protein, and 
all of them can in principle be regulated. Thus a cell can control the proteins it 
makes by (1) controlling when and how often a given gene is transcribed (tran- 
scriptional control), (2) controlling how the primary RNA transcript is spliced or 
otherwise processed (RNA processing control), (3) selecting which completed 
ffiRNAs in the cell nucleus are exported to the cytoplasm (RNA transport con- 
trol), (4) selecting which mRNAs in the cytoplasm are translated by ribosomes 
(translational control), (5) selectively destabilizing certain mRNA molecules in 
the cytoplasm (mRNA degradation control), or (6) selectively activating, inacti- 
vating, or compartmentalizing specific protein molecules after they have been 
made (protein activity control) (Figure 9-2). 

For most genes transcriptional controls are paramount. This makes sense 
because, of all the possible control points illustrated in Figure 9-2, only transcrip- 
tional control ensures that no superfluous intermediates are synthesized. In the 
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Figure 9-2 Six steps at which 
eucaxyote gene expression can be 
controlled. Only controls that operate 
at steps 1 through 5 are discussed in 
this chapter. The regulation of protein 
activity (step 6) is discussed in 
Chapter 5; this includes reversible 
activation or inactivation by protein 
phosphorylation as well as 
irreversible inactivation by proteolytic 
degradation. 
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following sections we discuss the DNA and protein components that regulate the 
initiation of gene transcription. We return at the end of the chapter to the other 
ways of regulating gene expression. 

Summary 

The genome of a cell contains in its DNA sequence the information to make many 
thousands of different protein and RNA molecules. A cell typically expresses only a 
fraction ofits genes, and the different types of cells in multicellular organisms arise 
because different sets of genes are expressed. Moreover, cells can change the pattern 
of genes they express in response to changes in their environment, such as signals from 
other cells. Although all of the steps involved in expressing a gene can in principle be 
regulated, for most genes the initiation of RNA transcription is the most important 
point of control 



DNA-binding Motifs in Gene 
Regulatory Proteins 5 

How does a cell determine which of its thousands of genes to transcribe? As dis- 
cussed in Chapter 8, the transcription of each gene is controlled by a regulatory 
region of DNA near the site where transcription begins. Some regulatory regions 
are simple and act as switches that are thrown by a single signal. Other regula- 
tory regions are complex and act as tiny microprocessors, responding to a vari- 
ety of signals that they interpret and integrate to switch the neighboring gene on 
or off. Whether complex or simple, these switching devices consist of two fun- 
damental types of components: (1) short stretches of DNA of defined sequence 
and (2) gene regulatory proteins that recognize and bind to them. 

We begin our discussion of gene regulatory proteins by describing how these 
proteins were discovered. 

Gene Regulatory Proteins Were Discovered Using 
Bacterial Genetics 6 

Genetic analyses in bacteria carried out in the 1950s provided the first evidence 
of the existence of gene regulatory proteins that turn specific sets of genes on 
or off. One of these regulators, the lambda repressor, is encoded by a bacterial 
virus, bacteriophage lambda. The repressor shuts off the viral genes that code for 
the protein components of new virus particles and thereby enables the viral ge- 
nome to remain a silent passenger in the bacterial chromosome, multiplying with 
the bacterium when conditions are favorable for bacterial growth (see Figure 
6-80). The lambda repressor was among the first gene regulatory proteins to be 
characterized, and it remains one of the best understood, as we discuss later. 
Other bacterial regulators respond to nutritional conditions by shutting off genes 
encoding specific sets of metabolic enzymes when they are not needed. The lac 
repressor, for example, the first of these bacterial proteins to be recognized, turns 
off the production of the proteins responsible for lactose metabolism when this 
sugar is absent from the medium. 

The first step toward understanding gene regulation was the isolation of 
mutant strains of bacteria and bacteriophage lambda that were unable to shut 
off specific sets of genes. It was proposed at the time, and later proved, that most 
of these mutants were deficient in pro/eins acting as specific repressors for these 
sets of genes. Because these proteins, like most gene regulatory proteins, are 
present in small quantities, it was difficult and time-consuming to isolate them. 
They were eventually purified by fractionating cell extracts on a series of stan- 
dard chromatography columns (see pp. 166-169). Once isolated, the pro- 
teins were shown to bind to specific DNA sequences close to the genes that they 
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Figure 9-3 Double-helical structure 
of DNA. The major and minor grooves 
on the outside of the double helix. a« 
indicated. The atoms are colored as 
follows: carbon, dark blue; nitrogen* 
light blue; hydrogen, white; oxygen 
red; phosphorus, yellow. 
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Figure 9-71 A mechanism to explain 
both the marked deficiency of CG 
sequences and the presence of CG 
islands in vertebrate genomes. A 
black line marks the location of an 
unmethylated CG dinucleotide in the 
DNA sequence, while a red line marks 
the location of a methylated CG 
dinucleotide. 
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Summary 

The many types of cells in animals and plants are created largely through mecha- 
nisms that cause different genes to he transcribed in different cells. Since many spe- 
cialized animal cells can maintain their unique character when grown in culture, the 
gene regulatory mechanisms involved in creating them must be stable once estab- 
lished and heritable when the cell divides, endowing the cell with a memory of its 
developmental history. Procaryotes and yeasts provide unusually accessible model 
systems in which to study gene regulatory mechanisms, some of which may be rel- 
evant to the creation of specialized cell types in higher eucaryotes. One such mecha- 
nism involves a competitive interaction between two (or more) gene regulatory pro- 
teins, each of which inhibits the synthesis of the other; this can create a flip-flop 
switch that switches a cell between two alternative patterns of gene expression. Di- 
rector indirect positive feedback loops, which enable gene regulatory proteins to 
perpetuate their own synthesis, provide a general mechanism far cell memory. 

In eucaryotes gene transcription is generally controlled by combinations of gene 
regulatory proteins. It is thought that each type of cell in a higher eucaryotic organism 
contains a specific combination of gene regulatory proteins that ensures the expres- 
sion of only those genes appropriate to that type of cell A given gene regulatory pro- 
tein may be expressed in a variety of circumstances and typically is involved in the 
regulation of many genes. 

In addition to diffusible gene regulatory proteins, inherited states of chromatin 
condensation are also utilized by eucaryotic cells to regulate gene expression. In ver- 
tebrates DNA methylation also plays a part, mainly as a device to reinforce decisions 
about gene expression that are made initially by other mechanisms. 



Posttranscriptional Controls 

Although controls on the initiation of gene transcription are the predominant 
form of regulation for most genes, other controls can act later in the pathway 
from RNA to protein to modulate the amount of gene product that is made. Al- 
though these posttranscriptional controls, which operate after RNA polymerase 
has bound to the gene's promoter and begun RNA synthesis, are less common 
ftan transcriptional control for many genes they are crucial. It seems that every 
step in gene expression that could.be controlled in principle is likely to be regu- 
lated under some circumstances for some genes. 

We consider the varieties of posttranscriptional regulation in temporal or- 
te, according to the sequence of events that might be experienced fry an RNA 
m °iecul e after its transcription has begun (Figure 9-72). 
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Figure 9-72 Possible post- 
transcriptional controls on gene 
expression. Only a few of these 
controls are likely to be used for any 
one gene. 
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